We examine the extent to which foliar monoterpenes are trapped in the epicuticular waxes, as 2 part of an investigation into their role in natural defense against folivores. We monitored 3 concentrations in white spruce (Picea glauca) previous-year foliage and expanding foliage and 4 their epicuticular waxes, over the 2010 (14 trees) and 2011 (25 trees) growing seasons. In 2010, 5 concentrations were low in spring, and increased over the summer; in 2011 they stayed low. 6
Terpenoids are key players in the defense systems of conifers and many coniferous trees 18 produce a broad diversity of terpenoid products. Variation in monoterpene content occurs 19 between environments (e.g. it increases under drought conditions), following challenges (e.g. 20 synthesis often increases after wounding or treatment with methyl jasmonate) and between 21 tissues (e.g. levels are generally higher in stems than in needles). In addition, copious amounts 22 of monoterpenes are emitted daily by conifer foliage (Kesselmeier and Staudt 1999) . 23
Monoterpene tissue pools and emissions respond differently to various challenges, and this 24 plasticity in expression presumably reflects the ecological roles of these compounds 25 (Gershenzon and Dudareva 2007 , Huber et al. 2004 , Keeling and Bohlmann 2006 . Indeed, stem 26 monoterpenes are thought to be effective in defense against bark beetles, the most important 27 killers of conifer trees ((Phillips and Croteau 1999) , but see also (Keeling 2016)) , and emitted 28 monoterpenes can act as attractants of herbivores and of their natural enemies (Phillips and 29 Croteau 1999, (Langenheim 1994) , and possibly be involved in plant-plant communication 30 D r a f t of monoterpenes is a transient state, very dynamic and can change over days or even hours 40 (Martin et al. 2003) . It is nonetheless ecologically relevant for organisms interacting with the 41 leaf. 42
Another pool of conifer monoterpenes that has received virtually no attention is that in the 43 epicuticular waxes on needles. Monoterpenes are synthesized during daylight and diffuse out 44 from leaf mesophyll cells in proportion to the vapor pressure inside the needle, mostly through 45 the stomata, but also through the cuticle (Lerdau et al. 1997) . Foliar epicuticular waxes can 46 influence monoterpene emission (Steinbauer et al. 2004) , as monoterpenes are lipid soluble and 47 can be absorbed into the waxes as they diffuse out through the stomata (Muller and Riederer 48 2005) . Monoterpenes in epicuticular waxes can influence herbivore feeding or oviposition 49 (Steinbauer et al. 2004; Ennis et al. 2015) , as well as the invasion by plant pathogens and the 50 growth of lichens, fungi and other epiphytic organisms (Martin et al. 2003) . Patterns of foliar 51 monoterpene synthesis in response to various environmental cues have been considered in 52 terms of their effect on foliar pools, on translocation to other tissues and on emission, but not 53 on epicuticular wax content. This avenue deserves further attention given the important role of 54 epicuticular waxes in plant interactions with other organisms (Eigenbrode and Espelie 1995) . 55 D r a f t between expanding and mature foliage, and between internal needle contents and epicuticular 63 waxes, and link this variation to wax structures on the needle surface and to functional 64 ecological roles of these compounds. 65 
Materials and Methods

66
Foliage collection
Scanning Electron Microscopy
88
Whole needles were fixed on aluminium stubs with carbon double-sided tape and sputter-89 coated with a thin layer of platinum using a JEOL JFC 1100 ion sputter. The samples were 90 observed in a JEOL JSM 6510 scanning electron microscope. 91
Photographs were taken from at least two sides of each quadrangular needle and from the base 92 to the tip. Five needles from 3 trees and 3 sampling dates were analyzed. 93
Statistical analysis
94
We used a repeated-measures ANOVA to evaluate the overall effect of foliar age (current or 95 previous year), phenology (early May, late May, June and July) and their interactions on 96 D r a f t
Results
105
Monoterpene composition
106
There were 7 major (α-pinene, camphene, myrcene, β-pinene, limonene, bornyl acetate, δ-3-107 carene) and 3 minor (thujone, terpinolene, α-phelladrene) monoterpene components (Figure 1) . 108
The latter were not detected in the majority of samples and hence were excluded from analysis. 109
Needle monoterpene composition is correlated between the two years of study, but positive 110 relationships are significant for limonene, myrcene and camphene only (see Figure 2) . 111
Correlations between trees in the proportion of each monoterpene show that β-pinene and 112 limonene are associated, and correlate negatively with myrcene, camphene and bornyl acetate 113 (see Table 4 ). 114 season. This pattern was observed in both years (see Figure 1 and Table 2) . 153
Inter-annual variation
A similar pattern is observed in epicuticular waxes in 2010: δ-3-carene peaks in the spring in 154 expanding foliage, then decreases over the growing season, while remaining low throughout the 155 season in old foliage. Bornyl acetate and camphene increase over the growing season in current 156 year foliage. Myrcene decreases over the growing season in expanding foliage, but remains 157 consistently low in old foliage (see Table 3 ). 158
Wax structure and monoterpene content 
